This study is motivated by the need to understand the temperature dynamics and warm-water temperature withdrawal. This study also recognizes the need for an environmental assessment of the proposed temperature control schemes at New Fengman Dam. An unsteady three-dimensional (3D) non-hydrostatic model is used in the present study to predict the hydrodynamics and thermal dynamics in the forebay and intakes of the New Fengman Dam. The numerical model is validated using hydrodynamic data collected from a 1:120 entire physical model and 1:30 local model in the present paper. The numerical and experimental results indicate that the Stop Log Gate has no effect on warmwater withdrawal. After dam reconstruction, the reservoir release temperatures can be increased from 4.0 W C to 6.0 W C to improve the habitat of native fishes. The cancellation of the Stop Log Gate program is recommended; the old dam meets the performance objectives for temperature increase.
INTRODUCTION
The presence and operation of hydropower plants in natural environments cause several ecological problems. In reservoirs, the outlets might release water that is too warm or too cold for downstream ecosystems, depending on reservoir temperature at the intake. It is extremely detrimental to the health of fish in rivers, especially during their migration sea- 2D models obtain superior results in predicting water temperature in reservoirs. However, water flow in complex geometries (e.g., the intake structure region) is highly threedimensional. Moreover, the additional complexity caused by thermal stratification cannot be accurately captured by traditional depth or width-average models. Therefore, 3D models are used to predict flow fields and temperature dynamics, particularly where they accurately predict complex domains with several hydraulic structures. Deng et al. Water temperature has been modeled at various levels of complexity. Note that numerous studies have been conducted to characterize thermal stratification in lakes and oceans, but only a few numerical studies focus on temperature dynamics in hydropower reservoirs, particularly on water temperatures released from the forebay. Moreover, in -previous studies, the grid is either based on the σ-coordinate system or too large in scale. As such, some hydraulic structures are simplified for computation, which in turn increases errors for complex flows. Since the flow in the forebay near the powerhouse and into the intake structures is an extremely complex and highly 3D flow, both vertical motions and accelerations cannot be ignored, and the use of the hydrostatic assumption is not valid here. Given the lack of appropriate models, the present study develops a full 3D thermal model for predicting complex hydrodynamics and temperature distribution using a state-of-the-art computational fluid dynamics (CFD) tool. In addition to that, the present study also develops two hydraulic models to study the hydraulic and water temperature dynamics.
No prior hydraulic model of comparable size and complexity has been used for studying the management of warmwater release from a thermally stratified reservoir. to resolve the strong thermal gradients, which was essential to ensure consistency with the field data. Figure 5 shows the mesh for the New Fengman Hydropower Station.
STUDY AREA

Hydrodynamic model
The flow field is solved with the incompressible RANS equations using the Boussinesq approach.
Continuity equation:
Momentum equation: In Equation (3), G b denotes the generation of turbulent kinetic energy caused by buoyancy, which is given as
∇T , where Pr t represents the Prandtl number.
The buoyance term G b is the key factor when the stratification is stable because it can restrain the generation of turbulence and decrease the heat that is passed down. In the model, the default constants C μ ¼ 0:09, C 1ε ¼ 1:42, σ κ ¼ 1:0, σ κ ¼ 1:0, and σ ε ¼ 1:3 are used.
Temperature model
Temperature is calculated from the energy conservation equation for incompressible flows:
where α eff ¼ α þ α t represents effective conductivity, with α and α t denoting molecular and turbulent thermal conductivity, respectively.
Boundary conditions
Free surface
Considering the lower water surface fluctuation in the Fengman forebay, in the present study the free surface was considered as a flat surface, which was modeled using a rigid-lid approximation. The heat transfer at the free surface includes short wave radiation, long wave radiation, evaporation, and the convection process. The transfer process is shown in Figure 3 . In the present study, the evaporation and heat transfer coefficients are used to calculate the heat flux at the free surface (Chen & Mao ) .
The evaporation coefficient is calculated from
and the heat transfer coefficient at the free surface is calculated from
with σ is the Stefan-Boltzmann constant: σ ¼ 5:67 × 10
ΔT is given by
where T a is the atmospheric temperature ( W C) at 1.5 m above the water surface, and T s represents the temperature at the water surface ( W C).
The heat loss by evaporation Δe is calculated from
where e s is the saturated water vapor pressure (hPa) at the water surface temperature T s , which is calculated from e s ¼ 6:11Ã10 7:5Ts (Ts þ273:3) (10) e a is the water vapor pressure (hPa) at 1.5 m above the water surface, which is calculated from e a ¼ 6:11Ã10
which is computed from relative humidity RH and atmospheric temperature T a :
The coefficient k is provided by the saturated water vapor pressure e s , which is calculated from (10) and the temperature at the water surface T s : 
Inlet
The total power discharge and measured temperature profiles are specified at the upstream inflow section. During May, June, July, and August, the average power discharges during daily hours were 2,012 m the free surface, gradually. There is often a clear temperature gradient in the epilimnion, which depends on mixing by surface winds or other mechanical forces and reservoir depth.
As shown in Figure 6 , the temperature gradients in May, June and July are 0.2, 0.59 and 0.72 W C/m, respectively.
Because of the characteristics of atmospheric conditions, the temperature gradient becomes greater, and the epilimnion and hypolimnion are not distinct any longer in August.
Outlet
The outlets are defined as outflows with a specified discharge.
The river discharge was distributed evenly to the six power- with 1 million cells were run in real time using the four processors of a Linux PC cluster. The average time to get a solution starting from scratch was about three days. This is a reasonable time, which allows the model to be used as a design tool by the hydropower industry.
EXPERIMENTAL METHODS AND FACILITIES
The In the local model, the reservoir was made of steel plate, and the intake structures and Stop Log Gate were also made of plexiglass. The velocity profiles were measured using a P-EMS electromagnetic flow velocimeter with an accuracy of 0.002 m/s and 2.5 m/s of maximum velocity. In any experiment, the discharge and the water level in the forebay were maintained constant so as to keep inflow conditions constant. The experimental conditions are shown in Table 1 .
NUMERICAL AND EXPERIMENTAL RESULTS
The numerical and experimental results were compared with each other. In the following, case I is used here to refer to the scheme with the Stop Log Gate, and case II the scheme without the Stop Log Gate. Because the maximum gradient in the epilimnion occurred during July, the flow and temperature characteristics in July were selected in the present study as representative to analyze.
Velocity profiles in Fengman forebay
The water velocity profiles were conducted at different typical years. The profiles of relevant sections were compared with each other. Figure 9 shows a comparison of the The mean temperatures released from the old dam before reconstruction were 6.9, 10.7, 14.5, and 17.8 W C in May, June, July, and August, respectively. According to the aforementioned temperature needed for native fishes, A comparison of cases I and II shows that the temperatures withdrawn were almost the same; sometimes, the temperature value in case II was even higher than that in case I. The maximum and minimum absolute differences were 0.3 W C and 0.0 W C, respectively. The numerical results
were in good agreement with those obtained from the experiment, which indicates that the effect of warm water withdrawn using the Stop Log Gate was insignificant.
These results suggest that the Stop Log Gate program be cancelled.
DISCUSSION AND ANALYSIS
The demolished gap and new reservoir were the main fac- Because of radiation and evaporation and so on, the water temperature at the surface was higher than that at the bottom during the months of May, June, July, and August.
The high temperature layer was at approximately the first 30 m beneath the free surface, which agreed with the high velocity layer. As such, an increased amount of warm water was injected into the new reservoir because of the presence of high surface velocity and the old dam. The mean temperature in the new reservoir was consequently higher than that in the old reservoir, and warm water was withdrawn downstream. Therefore, the water temperature withdrawn would be higher than that through the old For a traditional multi-level intake project, the water from the top layer would be withdrawn using a Stop Log Gate, which contained high temperature water. By contrast, the main flow occurred in the middle layer for the withdrawn scheme without a Stop Log Gate. As such, the water temperature through the Stop Log Gate would be higher than that without the Stop Log Gate.
However, the water temperatures withdrawn for cases I and II only had slight differences in the New Fengman
Hydropower Station, unlike in the case of a traditional multi-level intake project. As shown in Figure 16 , the maximum absolute difference was only 0.3 W C, and the water temperature for case II was higher than that in Thus, the water temperature above the gap in LFY was higher than that in other typical years. Through the analysis in the above paragraph, it can be deduced that the water temperatures withdrawn would be higher in LFY than those in other typical years. 
